The thermo-mechanical responses of the composite shell structure with embedded SMA wires are investigated using the finite element method formulated on the basis of the layerwise theory. A nonlinear finite element procedure based on Brinson's model is developed to investigate the behavior of shape memory alloys (SMAs). The effects of SMAs on structure frequency and critical buckling load are investigated. The numerical analyses show that SMAs can be the excellent passive stiffener for the structure modification.
Introduction
Adaptive structure, which contains distributed actuator, sensor, and microprocessor capabilities, can be used in may applications requiring a high degree of adaptability to change external and internal conditions. The ability to adaptively alter the mission, scope, objectives, and geometry of a structure will have tremendous impact on the design philosophy of a structure in the future.
Shape memory alloys (SMAs) as fiber reinforcement of actuator in composite material can give numerous structures these adaptive capabilities. When the idea of embedding SMA actuators in a composite laminate was introduced, a new field of exciting and innovative engineering applications was created. Rogers and Robertshaw [1] introduced the idea of embedding SMA actuators in a composite laminate. The structure of this type has been termed a shape memory alloy hybrid composite (SMAHC). So, many applied researches have been performed to enhance the structural performance using SMAHCs. Roh and Kim [2] considered a low velocity impact for the hybrid smart plate. The hybrid smart plate using SMA actuators and piezoelectric sensors can enhance its global resistance to low velocity impact. Lee et al. [3] investigated shape memory alloy hybrid composite (SMAHC) panel for the enhancement of the postbuckling and panel flutter behavior subjected to thermal and aerodynamic load.
In this paper, the thermo-mechanical response of shape memory alloy hybrid composite (SMAHC) shell with embedded initial strained SMA wires is analyzed using finite element method. Based on the layerwise theory, thermo-mechanical equations of SMAHC shell are derived. Considering a weight of panels as the crucial design parameter for fair comparison, the numerical results of SMAHC shell are compared with those of a conventional composite shell. The present results shows that SMA wires can be the excellent candidates to enhance the stiffness of structure.
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where σ is the second Piola-Kirchhoff stress, D is the Young's modulus of SMAs, ε is the Green strain, Ω is the transformation tensor, ξ is the martensite fraction, Θ is the parameter of thermal expansion and T is the temperature. Because the martensite fraction depends on the stress and temperature, transformation kinetics must be coupled with Eq. (1) to formulate a complete governing equation for SMAs. Detail proceedings to formulate a governing equation for SMAs can be found in [4] . To investigate shape memory alloy material behaviors, a nonlinear finite element procedure is developed. With four nodded truss elements, we can get the nonlinear element stiffness matrix for shape memory alloy material behaviors.
where A , l and S are the cross-sectional area, the length of the element and the applied stress, respectively; H represents the multiplicative factor dependent upon the variables for each of the three transformation cases. Detail information about parameters used in Eq. (2) can be found in [4] . The Newton-Rhapson method is used to solve this nonlinear equation. Fig. 1 demonstrates the stress-strain responses for different temperatures with SMA properties in Table 1 . The stress-strain curve of 10 o C − indicates the shape memory effect (SME). The pseudoelastic effect is demonstrated by the curves for 50 o C . The hysteresis loops of stress versus temperature are calculated with initial constrained strain 0.5% o ε =
in Fig. 2 . The SMA wire is constrained to maintain the deformation as the temperature is raised. Note that the recovery stress at the end of the cooling cycle does not return to initial levels and residual recovery stress can be obtained. As the SMA wire is heated again from here, one obtains the closed hysteresis cycle. In this research, we can use this residual recovery stress to enhance the adaptability of the structures by embedding SMA wires in a composite structure. The structure of this type has been termed a shape memory alloy hybrid composite (SMAHC).
Shape Memory Alloy Hybrid Composite (SMAHC) Shell. The SMAHC constitutive relation for a general k-th orthotropic layer of a laminate with an arbitrary fiber orientation angle θ , relative to the x-direction in Fig. 3 , follows as:
where the subscript k indicates the layer number. σ is the recovery stress generated by shape memory alloy wires. The volume fractions of SMA wires and the graphite/epoxy lamina relative to the total volume are denoted by s κ and c κ , respectively. With the material properties of SMA/epoxy lamina calculated with multi-cell model [5] as well as the material properties of graphite/epoxy lamina, the stiffness of the shape memory alloy hybrid composite (SMAHC) can be calculated. Based on the layerwise laminated theory [6] , the eigenvalue and compressive load buckling analyses can be performed using the following equations 
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Φ are the mass matrix, linear stiffness, geometric stiffness due to SMA recovery stress, thermal geometric stiffness, critical buckling load, geometric stiffness due to in-plane force, and buckling mode, respectively.
Results and Discussions
Code Verification and Comparison. The buckling of a cylindrical composite shell is investigated and the present results are compared with those of Zhang and Matthews [7] . The present analysis uses 12 12 × nine-node elements, and the geometry and material properties of the cylindrical laminated shell are given as follows:
The laminated shell consists of uni-directional layers subjected to compressive load in x-direction, and boundary conditions are all simply supported. Table 2 shows the present results are very good agreeable with results by Zhang and Matthews using two coupled fourth-order partial differential equations. Fig. 4 shows the results of buckling mode shapes for cylindrical shell subjected to compressive load in x-direction. Eigenvalue analysis of SMAHC shell. The numerical analysis of the SMAHC shell for the frequency variation with the temperature increment of SMA wires is performed. The SMAHC shell panel is made of graphite/epoxy laminates and SMA/epoxy lamina with 10% volume fraction of SMA wires. The overall properties of SMA/epoxy ply are determined by multi-cell model [5] . The geometry of SMAHC shell and graphite/epoxy properties are given as follows: where l h and s h indicate the thickness of graphite/epoxy and SMA/epoxy lamina, respectively.
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The boundary conditions are at all four edges simply supported. The stacking sequence of SMAHC shell panel is
 and SMA wires are embedded along the x-direction. As can be seen from Fig. 5 , when SMA wires are heated by electrical current, there is a slight decrease in the frequency of SMAHC shell until the temperature increment, T ∆ , reaches 15 o C . In the range from 15 o C to 50 o C there is a strong increase in the frequency, after which they slowly decrease again when the temperature increment exceeds 50 o C . When the structure is cooled a hysteresis loop of the frequency versus temperature increment curve is observed. Note that the frequency at the end of the first heating cycle does not return to initial level. This is due to the fact that the high residual stresses of SMAs are obtained during heating. As SMA wires are heated again from here, one obtains the closed hysteresis cycle.
Buckling Table 3 shows the critical buckling loads and buckling mode shapes of the composite and SMAHC panels for 0.5% initial strain values of SMAs cases. In this case, SMA wires have been processed with electrical current heating cycle. Fig. 2 shows that residual recovery stress ( )
of SMAs can be generated after the 1st heating cycle in the current ambient temperature. SMAHC shell panel has the residual recovery stress of SMAs without external energy and this stress cause to improve the stiffness of structure. As can be seen from 
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Conclusions
In this paper, the thermo-mechanical response of shape memory alloy hybrid composite (SMAHC) shell with embedded initial strained SMA wires is analyzed using finite element method. Based on the layerwise theory, thermo-mechanical equations of SMAHC shell are derived. Considering a weight of panels as the crucial design parameter for fair comparison, the numerical results of SMAHC shell are compared with those of a conventional composite shell. A recovery force generated by shape memory effect is acting like a concentrated point force on the edge. Therefore, the resulting in-plane forces adaptively change the static and dynamic responses of structures. SMA wires are embedded in composite structure and have processed with heating cycle by electrical current. After the 1st heating cycle, the residual recovery stresses of SMAs are generated. By using these stresses, SMAHC shell panel can adjust the fundamental frequency of structure and improve the structure performance against the compressive buckling load with less weight than conventional composite without SMAs. The present numerical results show SMAs can be the excellent passive stiffener for the structure modification.
